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a)  Receiver Locations
b) 50km Radial Lines and Star of 
David
5) Conclusions
1)  BDSR arrivals have been observed at the OBSANP 
site at ranges less than 500m on both Ocean Bottom Seis-
mometers and the vertical line array.  They appear to be a 
ubiquitous feature of ocean acoustic propagation.
2)  BDSR diffraction sites are not limited to the tops of 
seamounts.  They can also occur in relatively benign 
abyssal plain environments.
3)  SPECFEM3D is a fast and accurate method for com-
puting 3-D seismic wavefields in media with fluid-solid 
interfaces. The SPECFEM3D method includes all com-
pressional, shear, interface and evanescent wave effects 
as well as scattering from both bottom roughness and 
volume heterogeneity.
4) Reflections from boundaries of the computational 
domain are efficiently attenuated with C-PML.
5)  The validity of SPECFEM3D results for ocean acous-
tic problems with bottom interaction has been confirmed 
by comparing results with parabolic equation codes.
6)  Intrinsic attenuation has been introduced into 
SPECFEM3D for the water, soft sediments and upper 
oceanic crust at relatively high frequencies (1-10Hz).
7)  To model the "OBSANP problem” outlined in the ab-
stract the model needs to break the 32 bit (or 2 GB) barri-
er.  Codes xdecompose, SCOTCH, xgenerate, and 
xspecfem3d need revision. In addition, the memory re-
quirements grow so rapidly that it is unlikely that the 
WHOI cluster will be sufficient.
8)  The BDSR arrivals observed on NPAL04 are an ex-
ample of “out-of-plane” scattering from wavelength scale 
features.  To model them requires solving the three-di-
mensional elastic wave equation.
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     Bottom-diffracted surface-reflected (BDSR) arrivals 
were first identified in the 2004 Long-range Ocean 
Acoustic Propagation Experiment (Stephen et al, 2013, 
JASA, v.134, p.3307-3317).  The BDSR mechanism pro-
vides a means for acoustic signals and noise from distant 
sources to appear with significant strength on the deep 
seafloor.  At depths deeper than the conjugate depth ambi-
ent noise and PE- predicted arrivals are sufficiently quiet 
that BDSR paths, scattered from small seamounts, can be 
the largest amplitude arrivals observed.  The Ocean 
Bottom Seismometer Augmentation in the North Pacific 
(OBSANP) Experiment in June-July 2013 was designed 
to further define the characteristics of the BDSRs and to 
understand the conditions under which BDSRs are excit-
ed and propagate.  The reciprocal of the BDSR mecha-
nism also plays a role in T-phase excitation.  To further 
understand the BDSR mechanism, the SPECFEM3D 
code was extended to handle high-frequency, deep water 
bottom scattering problems with actual bathymetry and a 
typical sound speed profile in the water column.  The 
model size is 38km x 27km x 6.5km.  The source is cen-
tered at 10Hz with a 5Hz bandwidth.  Work supported by 
NSF and ONR.
0) ABSTRACT
1) Motivation
a) BDSRs are the largest arrivals on 
deep seafloor receivers
  On NPAL04 Bottom-Diffracted Surface-Reflected (BDSR) 
arrivals were the largest amplitude arrivals observed on the 
vertical component of the OBSs in deep water for ranges 
from 250 to 3200km.  [Stephen et al, 2009; 2013]  
  BDSR arrivals are like a palimpsest.  They are present 
throughout the water column, but at depths above the conju-
gate depth they are obscured by ambient noise and PE pre-
dicted arrivals.  
  
  The hypothesis is that BDSR paths contribute to the arrival 
structure on the deep seafloor at all ranges from near zero 
range  to 4-1/2CZs.  
  The questions are:  1)  What are the characteristics of 
BDSR paths (eg. sensitivity to angle in the azimuthal and 
sagittal planes)?  2)  What are the characteristics of the sea-
floor features that are responsible for BDSR paths?
b) BDSRs are the reciprocal of T-phase 
excitation problem
Figure 1: Many T-phases are excited by earthquakes occur-
ing beneath an ocean that is deeper than the conjugate depth.  
Ray paths from sources in the high velocity crust are too 
steep (low incident angles) to couple into the sound channel.  
Sound channel propagation requires flatter (high incident 
angle) rays.
Figure 2: Illustrations of coupling mehanisms that generate 
T-phases.  (a) Downslope propagation and (b) rough sea-
floor scattering.  (c) Events that occur below the critical 
depth should not be able to propagate in the SOFAR channel 
based on ray trace theory.  (d) A local bathymetric high lo-
cated in the SOFAR channel axis may act as a radiator, 
where  acoustic energy from a deep water event enters the 
SOFAR channel efficiently and results in T-phase event lo-
cations that are not epicenters.  BDSRs are the reciprical of 
mechanisms c and d.
2) NPAL04
a)  Source and Receiver Locations
Figure 3: Water depth for the propagation paths on NPAL04 was deeper than 
4400m.  The long range transmissions were observed on the Deep Vertical Line 
Array (DVLA) and three Ocean Bottom Seismometers (OBSs). Deepest 
DVLA element was 750m above the OBSs on the seafloor at ~5,000m.
b)   Bottom-Diffracted Surface-Reflected (BDSR) 
Arrivals
Figure 4: The deep seafloor arrivals at 75 Hz on the OBS replicate the PE arrival pat-
tern on the deepest element of the DVLA.  The shifts of these seafloor arrivals with re-
spect to the PE arrival on the DVLA are constant regardless of range!!!  It is remark-
able how robust and simple this pattern is.  Deep seafloor arrivals are “not” random!
Bottom-diffracted surface-reflected arrivals were first identified on the North Pacific Acoustic Laboratory 
(NPAL) experiment in 2004 for ranges from 500 to 3200km.
 c)  Bottom-Diffracted Surface-Reflected Arrivals from a Seamount on NPAL04
Figure 5:  The bottom-diffracted surface-reflected arrivals in Figure 4 were scattered from the top of the seamount shown in 5i).  The black path in 5i) indicates 
the sound channel propagation path that is shown schematically in 5iii) based on the sound speed profile in 5ii).  The yellow paths from the seamount to the receiv-
ers in 5i) are the surface reflected path as shown schematically in 5iv).
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3) OBSANP
The NPAL04 site was revisited on the Ocean Bottom Seismometer Augmentation in the 
North Pacific (OBSANP) Experiment in 2013 to study the BDSR mechanism in more 
detail.  BDSRs were observed at ranges from 10 to 40km.
Figure 6: Locations of the eight short period OBSs (SP*), 
the four long period OBSs (LP*), and the OBSANP DVLA 
(ODVLA13) with respect to the bathymetric relief. The three 
red stars around ODVLA13 are the acoustic transponders 
used to measure mooring motion.
Figure 7: Phase 3 of the transmission program carried out a 
comprehensive survey of radial lines out to 50 km and half of 
a Star of David pattern spanning 1/2CZ from the DVLA .
Figure 9:  Locations of the identified diffractions with re-
spect to the DVLA and short range OBSs.  Diffractor A, on 
Seamount B, was identified on NPLA04.  Diffractors B and 
C are identified on the Northeast line to the East OBS 
(SP2-E) (Figire 8i).  Diffractors D, E and F are identified on 
the East line to the East OBS (Figure 8ii).  Note that diffrac-
tors B through F are not associated with any noticeable 
bathymetric features.
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Figure 8: Example of 77.5Hz time compressions for trans-
missions on the Northeast (Fig 8i) and East (Fig 8ii) radial 
lines to the vertical component on the East OBS (SP2).  On 
both lines there are clear bottom-diffracted surface-reflected 
(BDSR) arrivals occurring after the first multiple at ranges 
from 10 to 40km.  The predicted arrivals times from the dif-
fractor locations in Figure 9 are shown.
(8i)
(8ii)
Figure 11:  Example of a BDSR arrival on the vertical line array 
(DVLA) from 43km range (Q17 in Figure 10).  This range is 
beyond lift-off for the direct arrival at the DVLA.
Figure 12:  Arrival structure at the neighboring Q-stops to 
Q17 in Figure 11.  See Figure 10 for locations.  The clear sep-
aration of BRSR and BDSR at Q17 is less distinct at the 
neighboring stations.  This indicates the sensitivity of dif-
fracted energy to azimuthal and sagittal incident angles.
(12i) Q16
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Figure 10:  A “pin cushion” of station stops was designed to ensoni-
fy Seamounts B and C at a variety of sagittal and azimuthal angles. 
The stations span 1/2 CZ from the O-DVLA and the seamounts.  Q1 
to Q6 are on the LOAPEX (NPAL04) geodesic. Q13 to Q18 are col-
linear with Seamount B and the O-DVLA. Q7 to Q12 and Q19 to 
Q24 are aligned with Seamount B but are oblique to the ODVLA13 
transmission path. The red stars are the locations of the OBSs. The 
magenta lines show the locations of the short-range tows.
4) SPECFEM3D
The SPECFEM3D method is being used to model 
the BDSR mechanism.  First we needed to intro-
duce separate attenuation mechanisms for com-
pressional and shear waves, we needed to improve 
the absorbing boundaries, and we needed to com-
pare SPECFEM3D results with other methods 
such as the parabolic equation method for range 
independent environments.
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Figure 13:  Wave field intensities as functions of arrival time and depth com-
puted using SPECFEM3D (left panel) and RAM (right panel) are shown for 
a laterally uniform ocean with a constant depth (4950 m).  A broadband 
acoustic source with the same characteristics as in Figure 1 is placed at 750 m 
depth.  The bottom is homogeneous with a density of 1350 kg/m3 and a com-
pressional velocity of 1.6 km/s.  The water column sound speed profile is 
similar to a “Munk-like” mid-latitude ocean profile.
Figure 14:  Wave field intensities as functions of arrival time and depth com-
puted using SPECFEM3D without using the convolutional perfectly matched 
layer (C-PML) (left panel) and with C-PML are shown for a laterally uniform 
ocean with a constant depth (4950 m).  A broadband acoustic source is placed 
at 750 m depth.  The bottom is homogeneous with a density of 1350 kg/m3 
and a compressional velocity of 1.6 km/s.  The water column sound speed 
profile is the same as in Figure 13.
  !  Reflections from Boundaries of the computational 
domain are efficiently attenuated with C-PML.
